The beauty of gems and minerals have been examined and appreciated by optical tools for centuries. Current methods for examining the interior structure of gems and minerals typically requires a sample to be cut and polished prior to imaging. In this presentation, we introduce a new tool for imaging gems and minerals in three dimensions, the multiphoton microscope. We have demonstrated that the multiphoton microscope can capture fascinating information from natural gems and minerals with sub-micron resolution at depths up to the millimeter scale. This new application of multiphoton microscopy may open the doors to non-destructive characterization leading to new information on the formation, structure, and appearance of these stones that have fascinated the eye for centuries.
INTRODUCTION
Gems and minerals have fascinated the casual and scientific observer alike for thousands of years. Recently, many different imaging and analysis approaches have been used to study gems and minerals, including polarized light microscopy, 1 Raman spectroscopy, [2] [3] [4] [5] [6] [7] [8] Atomic Force Microscopy, 9 hyperspectral imaging, 10 Terahertz Spectroscopy, 11, 12 Electron Microscopy, 13 and X-ray micro CT scans, 14 each with advantages and disadvantages. Most of these methods require samples to be carefully prepared, which usually involves cutting into a stone and polishing a plane of interest. However, a non-destructive method of imaging planes of interest within a bulk sample would be very impactful to a science with such valuable samples, as it would preserve the samples, reduce the time needed to study them, and introduce the possibility of discovering new information.
We have recently published our work demonstrating that a multiphoton microscope can three-dimensionally image gem and mineral samples with high resolution. 15 Multiphoton microscopes are more traditionally used in the biological sciences, and have been very impactful in high profile studies in identifying diseases without stains. 16, 17 Our group has used our multiphoton both for biological and material studies, proving the versatility of the instrument. [18] [19] [20] [21] The same physics that allows a multiphoton microscope to look three-dimensionally through biological tissue also enables imaging through crystalline structures, and these crystalline structures frequently have very strong signal, which creates beautiful images with a high signal to noise ratio. We are continuing our work in this area through a collaboration with the University of Arizona Geosciences department to further explore the usefulness of this approach to the geological sciences. These images are both useful and beautiful, and as such we are excited to share them with the scientific community.
For this study, a wide variety of stones were examined, including a set of polished and unpolished stones from the set of so-called "Birth Stones." Several samples of each stone were provided to us by Eric Fritz from the University of Arizona Geosciences Department, some which were cut and polished, and others of which were the untouched mineral. In addition to these samples, we re-examined several stones from the previous publication, as well as minerals from the local area. Because this conference is about the beauty of optics and nature, this paper will be more qualitative, and we recommend the reader pursue reading our original publication for a more rigorous introduction to these studies. 15 
MULTIPHOTON MICROSCOPY DESCRIPTION
A brief description of multiphoton microscopy (MPM) will be given here. Several references explain the physics and designs of the microscope in greater detail for the interested reader. 17, 18 In our system, a pulsed femtosecond fiber laser is raster-scanned using a pair of galvanomateric mirrors, and that scanning is translated to the sample via a relay beam-expanding telescope and a microscope objective. Once focused at the sample, the very high peak power (kilowatt level) laser light interacts nonlinearly with the sample, creating new wavelengths in the process. Because the laser is pulsed, the average power is low, preventing damage to the sample. In the images, we used primarily two effects, second harmonic and third harmonic generation. Second harmonic generation (SHG), where two photons scatter and emit a single photon with both their energies, is generated from regions with broken symmetry, or from non-centrosymmetric crystal structures. Third harmonic generation is created from boundaries between regions of different refractive index, or more precisely different third order nonlinear response χ 3 , which is a very small contribution to the refractive index. Further explanations on these effects can be found in the book on Nonlinear Optics by Boyd. 22 In our microscope, we use both a 1040 nm and 1550 nm fiber laser as our sources, both of which were used for this project.
IMAGE RESULTS
A subset of images from the birthstone samples can be seen in Fig. 1 below. In Fig 1, images of the samples, and how they appear both to a white light microscope and a multiphoton microscope are displayed. The white light microscope can discern interesting features on the surface only for most of these samples. Details below the surface appear blurry primarily. The images from the multiphoton were obtained from a variety of depths in each sample. Monocrystalline samples tend to give less interesting information in 3D because of the fewer boundaries to give signal, but since SHG can be generated from bulk material, signal is still seen in non-centrosymmetric materials, such as minerals where the largest constituent is quartz. Quartz has a well-known and understood χ 2 signal, 23, 24 leading to strong SHG in some samples. Several additional images of other birthstone samples are shown in Fig. 2 Di a mo n d E me r a l d A l e x a n d r i t e Figure 2 . Composite multiphoton images of Diamond, Emerald, and Alexandrite. The image from the diamond had the most interesting structure near the edges as shown in this picture. As this stone was polished, perhaps there could be some structure changes after polishing that the multiphoton is highlighting
In our growing collection of minerals are several different types of Jasper, which is generally a microgranular or fibrous variety of quartz. Their commonly bright colors comes from various oxides within them. 25 These stones produced some of the more visually striking images, and a collection of them can be seen in Fig. 3 below. The many small quartz crystals lead to both strong SHG from the crystalline structure of the quartz, and THG from the many boundaries, as well as any inclusions within the mineral. One of the most interesting samples we examined was the Orange Calcite sample, a crystalline form of Calcium Carbonate. 25 A variety of images from that sample are displayed in Fig. 4 below. This particular mineral was examined on the large and small scale, as well as in depth. On the large scale, individual grains or crystalline regions of the mineral can be seen. In this samples, the signal is primarily coming from the edges of each stone, such that as each grain goes through focus, the center is dark. As such, the dark regions in the image are not voids in the sample. While the SHG signal seemed similar to some of the other samples that were examined, the THG images had very finely structure variations, seen clearly in the THG image or the close up in Fig. 4 below.
Capturing a large set of either depth or lateral images can be time consuming on our instrument, but this is not a limit of the technology, as very fast frame rate multiphoton microscopes have been reported in the literature. 26 In our opinion, it is worth the wait to capture an image as fascinating as the stitched image of Fig. 4 . This stone also allowed for slightly deeper imaging than the average sample. In general, we could see 100-300 microns deep with the 1040 nm laser, and 300-600 microns deep with the 1550 laser. This sample allowed for imaging around 650 microns deep before the signal became weak enough to make getting good images more difficult. As mentioned, the quartz-like samples often gave some of the strongest and most interesting images. Citrine, a birth stone for November, is a variety of quartz generally of yellow-orange color. This stone produced some very interesting triangular patterns in SHG, which could be indicative of Brazil pair twinning, a pattern that can occur between regions of quartz formation. 27 These patterns are usually studied in thin sections under a polarized light microscope, which requires cutting and polishing the stone from a larger portion. It is usually difficult to place more than one twin boundary in a single thin section, 27 so looking through multiple pairs in 3D is a useful new capability. A Zstack of the citrine sample can be seen in Fig. 5 below. A quartz sample was examined thoroughly in depth in our previous work, and the images there appear similar to the larger scale patterns seen in this sample. However, the triangular patterns seen in the highlighted depth of z = 67µm to the right of the 3D rendering are a new observation. The Tucson region is well known in the gem and mineral community due the large gem and mineral show that occurs every year, 28 where our original sample set was purchased. In addition to this, the many mines in Arizona lead to a variety of locally found samples. Some of the minerals are very easy to access, and do not need to be mined by professionals. For example, it is common to see flakes of mica sparkling on the ground on a hike in any of the mountains surrounding Tucson. One such flake was brought back down to our microscope to be examined. Mica is a type of phyllosilicate, and is often made of many flakes that break apart from each other with little effort. 25 Several of these flakes can be seen in Fig. 6 below, alongside highlighted depths. In this sample, different flake regions can be seen at different depths in the depth highlights to the right of the figure. The THG and SHG signals are generated by different portions of the sample. In the 3D view, the surface topology of the mica slices can be seen. Figure 6 . A Mica sample from Mt. Lemmon, which is just north of Tucson, AZ. In this Mica sample, the SHG and THG are clearly not being generated from the same structures within the mica sample. Individual flakes of the Mica can be seen in the different depths of the Zstack
CONCLUSION
We are very excited to continue to pursue this new application of multiphoton microscopy in the geological sciences. We are only beginning to understand the meaning of the information our instrument can capture within these precious stones. Understanding the images will require further work comparing our results to known approaches of examining samples in the gem and mineral community, which is a focus of upcoming work. There is much still to do in this brand new research direction, and we look forward to seeing what we can discover. The images we have captured in this project are some of the most beautiful pictures we have ever recorded on our instrument.
